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@ A magnetic noise reducing device can effec- 
tively produce a practically noiseless space that can 
reduce environmental magnetic noise harmful for 
measuring biomagnetism with a high magnetism 
damping factor in low frequency range. The mag- 
netic noise reducing device comprises a Supercon- 
ducting Quantum Interference Devices (SQUID) flux 
meter 1 and a pair of noise cancelling coils 2 as 



minimum components, the feedback current I pro- 
duced by the SQUID flux meter 1 being supplied to 
the noise cancelling coils 2, the magnetic flux de- 
tecting coil of the SQUID flux meter being arranged 
within a specific central space 4 defined by the 
noise cancelling colls 2 for effective reduction of 
magnetic noise within that space. 



FIG.1IA) 
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This invention relates to a magnetic noise re- 
ducing device for a Superconducting Quantum In- 
terference Device (SQUID) magnetometer or flux 
meter. 

The Superconducting Quantum Interference 5 
Device (SQUID) comprises a ring of superconduc- 
ting material. When the SQUID is cooled through 
its transition temperature in the presence of a mag- 
netic field, and then the field is removed, a mag- 
netic flux is trapped within the ring. This trapped io 
flux is maintained by a supercurrent flowing in the 
device. A supercurrent is a current which flows 
around the ring in the absence of an applied volt- 
age, and superconducting materials are able to 
sustain such currents up to a critical value, the is 
value of this critical current will oscillate under an 
applied magnetic field due to phase changes 
across junctions in the superconducting material. 
Small changed in applied field strength create a 
measurable exchange in the critical current. 20 

It will be appreciated that a SQUID can be 
used as a highly sensitivity magnetometer in an 
apparatus for measuring biomagnetism in living 
bodies. However, when measuring such low level 
magnetic fields it is important to shield the SQUID 25 
from external environmental noise. 

As illustrated in Rg. 2(A) of the accompanying 
drawings, the environmental magnetic noise is cor- 
related with 1/f (f = frequency) in the low frequency 
range, showing a level between 1x10""^° and 30 
1x10-9T(Hz)-^^ for the frequency of IH2 and a 
higher level for low frequencies. On the other hand, 
the level of the biomagnetism of a living body to be 
detected is found between 10"^* and 10"^ - 
(depending on the intensity, the depth, the direc- 35 
tion of emission of the signal generating source). 

The frequency bandwidth (B) involved in the 
measurement of biomagnetism is normally around 
DC to 1kHz. Since the noise level in a setting for 
measuring the biomagnetism of a living body is 40 
expressed by Bnx 8^^ (where Bn is magnetic noise 
per unit frequency), it will be approximately thirty 
two (32) times as large as that of 1x10-9T(Hz)-^'2 
for DC to 1kHz. Besides, the frequency characteris- 
tics of the noise involved need to be taken into 45 
consideration. If the noise level is of a magnitude of 
5x10"^T and a magnetic attenuation in the order of 
10"^* is involved, the S/N ratio will be 1 for a 
signal of 10"^*. 

In view of the above facts, a magnetic noise so 
reducing device is required to have a magnetism 
damping factor of lOMo 10^ and be specifically 
effective for low frequency noises (less than 1 Hz) if 
it is effectively used for measuring biomagnetism. 

Known means for reducing magnetic noise and 55 
means for canceling environmental magnetic noise 
include the followtngs. 
a) magnetic shield room 



This is a room constructed by using mag- 
netically highly permeable materials such as 
Permalloy and providing magnetic noise damp- 
ing areas inside the room. 

Fig. 5 is a graph showing the frequency 
dependency of the magnetism damping factor of 
such a magnetic shield room. In Fig. 5, curves 
Li and L2 show the magnetic damping factors of 
two magnetic shield rooms prepared by using 
walls having a multi-layered structure of alu- 
minum and Permalloy plates. The magnetic 
damping factor of such a room is increased as 
the number of aluminum and Permalloy layers 
grows. 

As is obvious from Fig. 5, such a magnetic 
shield room does not show a large magnetism 
damping factor for low frequency magnetic 
noise. Moreover, such a room inevitably provide 
only a narrow closed space for measurement 
and entails a high building cost of several hun- 
dred million yen. 

b) electric method for canceling magnetic noise 

This is a method using a device as illus- 
trated in Fig. 6 to eliminate the noise component 
of output signal by determining the difference 
between the measurement of a signal detecting 
SQUID flux meter SCI and that of a reference 
SQUID flux meter SC2. In Fig. 6. arrow M de- 
notes signal, arrow N denotes noise, P1 and P2 
denote controllers, Q and R respectively denote 
a signal processing circuit and the output termi- 
nal of the circuit. 

Since such a device does not and cannot 
remove the magnetic field existing in the signal 
detecting space, corrective means may be addi- 
tionally required for each of the channels in- 
volved if a multi-channel SQUID system is used. 

c) gradiometer 

As is known, a SQUID flux meter normally 
comprises a magnetic flux transformer consti- 
tuted by a magnetic flux detecting coil MC, an 
input coil IP and a SQUID inductance SI as 
illustrated in Fig. 7. If the spatial gradient is 
known for the magnetic field to be detected, the 
gradiometer to be used for magnetic noise re- 
duction are so designed that any magnetic fields 
having a gradient lower than it may be canceled. 

If a magnet meter U, a primary differential 
gradiometer U1 and a secondary differential 
gradiometer U2 are arranged as illustrated in 
Fig, 8 to form a gradiometer for the purpose of 
magnetic noise reduction, such a gradiometer 
can selectively cancel even magnetic fields 
(primary differential) and/or magnetic fields up to 
the primary gradient (secondary differential) on 
site or produce 6Bz/6x, 5Bz/5y and/or 5Bx/5z ac- 
cording to the purpose of measurement. 

A gradiometer as described above is, how- 
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ever, accompanied by the disadvantage of a low 
sensitivity of a SQUID flux meter for magnetic 
flux density of higher orders, the sensitivity be- 
ing remarkably lowered in terms of distance (\n 
the Z direction for 6Bz/5z) so that the canceling 
efficiency is determined by the winding balance, 
making the rate of noise reduction normally as 
poor as 10^ to 10^. 

Contrary to the above described disadvantages 
of known magnetic noise reducing devices, a mag- 
netic noise reducing device according to the inven- 
tion is based on the principle of nil magnetic field 
detection that has been used for SQUID flux me- 
ters comprising a SQUID circuit having a feedback 
loop for making a SQUID element always show a 
nil magnetic field intensity. In other words, in a 
magnetic noise reducing device according to the 
invention, the feedback current of each SQUID flux 
meter it comprises Is supplied not to a SQUID 
element but to corresponding noise canceling coils, 
the magnetic flux detecting coil of the SQUID flux 
meter being arranged within a given space defined 
by the surrounding noise canceling coils in order to 
operate the said magnetic flux detecting coil as a 
zero-level detecting coil so that said space defined 
by the noise canceling coils provides a space that 
can be effectively shut out magnetic noise. 

More specifically, according to the present in- 
vention, there is provided a magnetic noise reduc- 
ing device comprising an appropriate number of 
noise canceling coils and corresponding matching 
SQUID flux meters each having a magnetic flux 
detecting coil arranged within a specific space de- 
fined by the corresponding noise canceling coils, 
the output of each of said SQUID flux meter being 
supplied to said corresponding noise canceling 
coils as a feedback current. 

Thus, with a magnetic noise reducing device 
according to the invention, a feedback current is 
supplied to a number of noise canceling coils not 
from an ordinary feedback circuit but from the 
corresponding SQUID flux meter. 

Since the magnetic flux detecting coil of each 
of the SQUID flux meters is arranged within a 
magnetic space defined by the corresponding 
noise canceling coils, it operates as a nil detector. 
Thus, the noise canceling coils can provide a zero- 
magnetism space within a given space regarding 
the environmental magnetic noise. 

Now, the present invention will be described in 
greater detail by referring to the accompanying 
drawings ttiat illustrate preferred embodiments of 
the Invention. 

Rgs. 1(A) and 1(B) are circuit diagrams of two 
different embodiments of the invention. 

Rgs. 2(A) and 2(B) are schematically illustrated 
spectra of the magnetic noise measured at the 
central space of a device according to tiie invention 



respectively when the device is not operating and 
when it is operating. 

Rg. 3 is a pen-corder graph showing changes 
with time in the magnetic noise measured at the 
5 central space of a device according to the invention 
when it is not operating. 

Rg. 4 is a pen-corder graph similar to that of 
Rg. 3 but recorded when the device is operating. 

Rg. 5 is a graph showing the relationship be- 
10 tween the magnetism damping factor and the fre- 
quency of a known magnetic shield room. 

Rg. 6 is a circuit diagram of a known apparatus 
for electrically canceling magnetic noise. 

Rg. 7 is a schematic illustration showing the 
IS principal components of a known SQUID flux me- 
ter. 

Rg. 8 is a schematic illustration showing the 
principal components of a known gradiometer. 
Rrstly, some aspects of the spatial properties 

20 of environmental magnetic noise will be described. 
The intensity of magnetic field produced by the 
source of magnetic noise is expressed in terms of 
distance by a differential polynomial of 0th to nth 
order. When, however, the distance between the 

25 noise source and the space of measurement is 
very large, the intensity of magnetic field can be 
regarded as substantially even (0th) within the 
space. 

While sources of magnetic noise are normally 

30 located very far from the space of measurement, 
they are not identifiable. Therefore, tiie intensity of 
magnetic field in the space of measurement can be 
expressed only by using a differential polynomial of 
an order higher than 0th. Thus, a magnetic noise 

35 reducing device according to the invention utilizes 
a combination of a SQUID flux meter designed to 
detect a magnetic field involving an appropriate 
order (e.g., one as shown in Rg. 8) and a number 
of noise canceling coils that produce a magnetic 

40 space of a corresponding order in order to accom- 
modate existing noise spaces. 

For instance, a magnet meter (0th) as illus- 
trated in Rg. 8 to be used for the magnetic flux 
detecting coil of the SQUID flux meter and Helm- 

45 holtz coils to be used for the noise canceling coils 
may provide a suitable combination for removing 
the 0th order component of the magnetic field. A 
different combination may likewise provide a mag- 
netic noise reducing device appropriate for remov- 

50 ing magnetic noise of higher orders. 

Now, a preferred first embodiment of the mag- 
netic noise reducing device of the invention com- 
prising a SQUID flux meter 1 and a pair of noise 
canceling coils 2 that are Helmhoitz coils will be 

55 described by referring to Rg. 1(A). Reference nu- 
meral 3 in Rg. 1 (A) denotes a magnetic flux detect- 
ing coil of the SQUID flux meter 1 arranged within 
a given central space 4 formed between the pair of 
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Helmholtz coils which are located in parallel with 
each other with a given distance separating them In 
such a manner that said magnetic flux detecting 
coil 3 is coaxial with the Helmholtz coils. 

While the noise canceling coils 2 produces an 
even magnetic field showing no magnetic gradient, 
such a magnetic field is possible to exist only 
within a given limited central space. A larger even 
magnetic field can be produced only by using 
larger coils for the noise canceling coils 2. For 
application of this embodiment, it is assumed that 
the noise to be eliminated is generated by noise 
sources located considerably far away from the 
embodiment and arranged along the axis of the 
coils. Such a device, therefore, may be called a 
uniaxial device. 

Referring to Fig. 1(A), 1b denotes a magnetic 
flux transfonmer inserted between the magnetic flux 
detecting coil and an input coil la of a known type 
and 1c denotes a SQUID element of a type nor- 
mally used for a SQUID flux meter 1. A pream- 
plifier 1d, a SQUID controller 1e and a voltage- 
current converter If are serially arranged in the 
at)ove order to the output side of the SQUID ele- 
ment 1c so that the output of the voltage-current 
converter If, or a feedback current I, is supplied to 
the Helmholtz coils that constitute noise canceling 
coils 2 and are arranged in a coaxial relationship 
with the magnetic flux detecting coil 3. 

While the embodiment of Fig. 1(A) is only 
effective for eliminating magnetic noise of 0th gra- 
dient along a single common axis of a pair of 
Helmholtz coils, the embodiment of Fig. 1(B) com- 
prises three pairs of Helmholtz coils 2x, 2y, 2z 
arranged along respective axes x, y, z and cor- 
responding SQUID flux meters Ix, 1y, 1z for the 
respective Helmholtz coils 2x, 2y, 2z so that feed- 
back currents Ix, ly, Iz of the respective SQUID flux 
meters are supplied to the Helmholts coils 2x, 2y, 
2z respectively, the magnetic flux detecting coils 
3x, 3y, 3z of the respective SQUID flux meters Ix. 
1y, Iz being an'anged in a given central space 4 
defined by the Helmholts coils 2x, 2y. 2z. 

With such an arrangement, the embodiment 
can produce a magnetically shielded three dimen- 
sional space generated by the three magnetic flux 
detecting coils 3x, 3y, 3z and three Helmholtz coils 
2x. 2y, 2z. 

In the above described embodiment for pro- 
ducing a magnetically shielded three dimensional 
space, the magnetic flux detecting coils 3x, 3y, 3z 
may have any angular relationship with the respec- 
tive Helmholtz coils 2x. 2y. 2z (provided that the 
axes of the coils 3x 2x rectangularly cross with 
each other). Therefore, the magnetic flux detecting 
coils 3x, 3y, 3z may take any appropriate positions. 

This fact means that the magnetic flux detect- 
ing coils for measuring the biomagnetism of a 



subject (that correspond to the coil 5a of Fig. 1(A) 
as described below) provides an advantage that 
they may take any form and angle. 

In an experiment conducted by using the em- 

5 bodiment of Fig. 1(A). the magnetic flux detecting 
coil of the SQUID flux meter 1 was a magnet meter 
having five turns and a diameter of 24mm and 
each of the Helmholtz coils had 72 turns and a 
diameter of 1.590mm in order to accommodate 

70 feedback current I up to ±7mA. The magnitude of 
the effective magnetic field for noise cancellation 
was 560nT. 

Reference numeral 5 in Fig. 1(A) denotes an- 
other SQUID flux meter which is identical with the 

75 SQUID flux meter 1 (although its feedback cunrent 
is returned to its SQUID element), which is also 
provided to measure the environmental magnetic 
field noise within the given central space 4 as well 
as the magnetic field noise that appears when the 

20 embodiment is operated to activate the active 
shield system of the embodiment so that the mag- 
netic damping factor may be determined from the 
ratio of the two noises. Reference numeral 5a in 
Fig. 1(A) denotes the magnetic flux detecting coil 

25 of the SQUID flux meter 5 which is coaxially sepa- 
rated from the magnetic flux detecting coil 3 of the 
SQUID flux meter 1 by 100mm. 

Figs. 2(A) and 2(B) schematically show the 
results of measurement in the above described 

30 experiment using the SQUID flux meter 5 of the 
embodiment of Fig. 1(A). The measured frequency 
range was from lOmHz to 10kHz. In Figs. 2(A) and 
2(B), there are shown the magnetic noise spectra 
of the embodiment of Fig. 1(A) obtained in the 

35 above experiment respectively when the active 
magnetic shield was not activated and when it was 
activated. 

As is apparent from the above results of mea- 
surement, the shielding effect of the embodiment is 

40 conspicuous below 100Hz. the magnetism damping 
factors for 0.5Hz. 1Hz, 10Hz, 50Hz and 100Hz 
being respectively 900, 700, 120. 25 and 14. 

Rgs. 3 and 4 show the results of measurement 
using a pen-corder, the former being a record chart 

45 obtained when the active shield system was not 
activated, the latter being a chart obtained when 
the system was activated. 

The magnetic noise levels having a magnitude 
of several to tens of nT as shown in Fig. 3 repre- 

50 sent a noise generated when an automobile passed 
on a nearby road. Fig. 4 shows that the peak level 
of such a noise can be reduced to less than lOOpT. 
proving that the embodiment has an active shield 
factor greater than 100. 

55 It was found later that the magnetic flux detect- 
ing coil 3 and the Helmholtz coils had been dis- 
placed from their respective proper positions dur- 
ing the measurement From this fact, the embodi- 



4 



7 EP 0 514 027 A2 8 

ment can be expected to show a magnetism damp- 
ing factor much greater than 100 with respect to 
the average magnetic field in low frequency range 
for an even magnetic field if the circuit constants, 
the positional displacement of the coils and the 5 
sameness of the Helmholtz coils are improved. 

It was also found that the use of a magnetic 
noise reducing device according to the invention 
and a conventional magnetic shield room having a 
simple construction as describe earlier in combine- io 
tion provides a^remarkable noise reducing effect . „ 

which is particularly useful for the measurement of 
biomagnetism. 

As is apparent from the above description, a 
magnetic noise reducing device according to the 75 
invention that comprises SQUID flux meters and 
noise canceling coils can produce a given space 
defined by the noise canceling coils that has a 
remarkable magnetic noise reducing effect particu- 
larly against magnetic noise of low frequency 20 
range. 

Besides, since a magnetic noise reducing de- 
vice according to the invention can cancel net 
environmental magnetic noise within the magnetic 
space where the magnetic flux detecting coils are 25 
located, it is particularly useful for simultaneous 
multiple-point measurement of biomagnetism. 

Since a magnetic noise reducing device ac- 
cording to the invention can comprise any appro- 
priate number of SQUID flux meters and noise so 
canceling coils for effectively reducing magnetic 
noise, it provide an effective method of magnetic 
noise reduction that does not involve the use of a 
costly magnetism shield room or a gradiometer of 
higher order that can be realized at the cost of 35 
sensitivity of the SQUID flux meter it comprises. 

Claims 

1. A magnetic noise reducing device comprising 4o 
an appropriate number of noise cancelling 
coils and corresponding matching SQUID flux 
meters each having a magnetic flux detecting 
coil arranged within a specific space defined 
by the corresponding noise cancelling coils, 45 
the output of each of said SQUID flux meter 
being supplied to said corresponding noise 
cancelling coils as a feedback current. 
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